of multidrug resistance-associated protein 1 in the pathogenesis of allergic airway inflammation.
MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 1 (MRP1) is a 190-kDa transmembrane protein belonging to the ATP-binding cassette transporter superfamily (15) . The MRP1 gene was isolated from the doxorubicin-resistant human small cell lung cancer cell line H69AR (6) , and subsequent in vitro studies established that MRP1 mediates the cellular excretion of many drugs and confers multidrug resistance of cancer cells (3) . MRP1 has been shown to be expressed in various human tissues and cells, including mast cells (10) . MRP1 transports glutathione S-conjugates of endogenous and xenobiotic lipophilic compounds across the cellular membrane into the extracellular space (15) . Among these transport substrates, leukotriene C4 (LTC4) is a high-affinity endogenous glutathione S-conjugate substrate for the MRP1 (19) and is excreted from mast cells, which play an important role in the pathogenesis of allergy and asthma (2, 20) .
Bronchial asthma is a common disorder in adults and children and remains poorly understood and difficult to manage (4) . Airway inflammation is a hallmark of this disease (4) . Previous studies have indicated that cysteinyl leukotrienes (CysLTs) such as LTC4, LTD4, and LTE4, originally termed slow-reacting substance of anaphylaxis, are crucial mediators in the pathogenesis of allergic asthma (8) . LTC4 is synthesized by and excreted from mast cells and is rapidly converted to LTD4 and then to LTE4 (5) . CysLTs induce airway smooth muscle contraction, increase vascular permeability and mucus secretion, and may recruit more inflammatory cells to the airway in allergic asthma (13) . However, the importance of MRP1, which is the LTC4 export pump on mast cells, for allergic airway inflammation remains poorly defined.
To elucidate the role of MRP1 in the pathogenesis of allergic airway inflammation in vivo, we used an ovalbumin (OVA) sensitization and airway challenge protocol and compared MRP1-deficient mice (mrp1 Ϫ/Ϫ ) with wild-type control mice (mrp1 ϩ/ϩ ) in a well-established model. We also cultured bone marrow-derived mast cells (BMMCs) from mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice and stimulated them with IgE and anti-IgE antibody. The biological significance of MRP1 involvement in allergic airway inflammation and IgE-dependent export of CysLTs from mast cells is discussed.
MATERIALS AND METHODS

Animals. MRP1-deficient mrp
Ϫ/Ϫ mice were generated by gene targeting in embryonic stem cells as described previously (31) . Mrp Ϫ/Ϫ mice originally on the genetic background (129/Ola)/FVB (50:50) were backcrossed 12 times with FVB mice to obtain Ͼ99% FVB genetic background. Normal FVB mice were used as wild-type controls (mrp ϩ/ϩ ). Mrp ϩ/ϩ and mrp Ϫ/Ϫ mice (male, 6 -8 wk of age) were purchased from Taconic Laboratories (Germantown, NY). Mice were maintained in a limited access barrier and housed in a humidity (55 Ϯ 10%)-and temperature (24 Ϯ 2°C)-controlled room under a 12:12-h light-dark cycle. The study protocol was reviewed and approved by the Juntendo University and Dokkyo University School of Medicine Committee on Animal Care and complies with National Institutes of Health guidelines for animal care.
Sensitization and airway challenge. Mice were sensitized on days 0 and 14 by an intraperitoneal injection of 50 g of OVA (Sigma, St. Louis, MO) and 2 mg of aluminum hydroxide (Wako Pure Chemical Industries, Osaka, Japan) in 200 l of PBS. Nonsensitized mice received only aluminum hydroxide in PBS. On days 22, 24, 26 , and 28, the sensitized mice were challenged with aerosolized 1% OVA 30 ml for 30 min. The nonsensitized mice received PBS only. Bronchoalveolar lavage and histological analysis of the lungs were performed 48 h after the last aerosol challenge.
Histological analysis of lung. The murine lungs were infused and fixed with 10% formalin and then embedded in paraffin. Sections of 2.5-m thicknesses were stained with either hematoxylin and eosin or periodic acid-Schiff (PAS). Semiquantitative scoring systems were used to grade the extent of lung inflammation and goblet cell hyperplasia as previously described (9) . Briefly, to determine the severity of inflammatory cell infiltration, peribronchial cell counts were performed blind based on a five-point scoring system: 0, no cell; 1, a few cells; 2, a ring of cells 1 cell layer deep; 3, a ring of cells 2-4 cells deep; and 4, a ring of cells Ͼ4 cells deep. To determine the extent of mucus production, we quantified goblet cell hyperplasia in the airway epithelium using a five-point grading system: 0, no goblet cells; 1, Ͻ25%; 2, 25-50%; 3, 50 -75%; and 4, Ͼ75%. Scoring of inflammatory cells and goblet cells was performed in at least 15 different fields for each lung section. Mean scores were obtained from six animals.
Bronchoalveolar lavage fluid and serum analyses. Mice were killed with an overdose of pentobarbital sodium. Blood was drawn, and bronchoalveolar lavage fluid (BALF) was collected with twice repeated washes of excised lungs using 0.7 ml of PBS. Total cell counts and differential cell counts were performed. Cytokine, OVA-specific IgE, and CysLT levels were measured using enzyme-linked immunosorbent assay (ELISA). Mouse IL-4 and IL-13 ELISA were purchased from R&D Systems (Minneapolis, MN). Mouse OVA-specificIgE ELISA was purchased from Dainippon Sumitomo Pharma (Osaka, Japan). CysLT ELISA was purchased from Cayman Chemicals (Ann Arbor, MI).
Generation of murine BMMCs. BMMCs were generated from the femoral bone marrow cells of mrp ϩ/ϩ and mrp Ϫ/Ϫ mice and maintained in RPMI 1640 (Sigma) supplemented with 10% heat-inactivated FCS, 100 M 2-mercaptoethanol, 10 M MEN-nonessential amino acids, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% pokeweed mitogen-stimulated spleen-conditioned medium as a source of mast cell growth factors as previously described (11) . After 4 wk of culture, Ͼ98% of the cells were identifiable as mast cells as determined by toluidine blue staining and fluorescence-activated cell sorting analysis of cell surface expression of c-kit and FcεRI.
␤-Hexosaminidase release assay. In vitro degranulation of mast cells was determined by ␤-hexosaminidase release assay as described previously (11, 26) . Briefly, BMMCs were incubated with trinitrophenyl (TNP)-specific mouse IgE (BD Pharmingen, San Diego, CA) at the concentration of 1 g/5 ϫ 10 6 cells for 1 h on ice. BMMCs (1ϫ10 6 cells/ml) were then resuspended in Tyrode's buffer (10 mM HEPES buffer, pH 7.4, 130 mM NaCl, 5 mM KCl, and 5.6 mM glucose) containing 1 mM CaCl2 and 0.6 mM MgCl2 and stimulated with 0.5 g/ml anti-mouse IgE (BD Pharmingen) for 45 min at 37°C. Cell supernatants and total cell lysate solubilized by sonication were collected, and ␤-hexosaminidase in the supernatants and cell lysate was quantified by spectrophotometrical measurement of the hydrolysis of p-nitrophenyl-N-acetyl-␤-D-hexosaminidase (Sigma-Aldrich Japan, Tokyo, Japan) in 0.1 M sodium citrate buffer (pH 4.5). The reaction was terminated by the addition of 0.2 M glycine (pH 10.7). The percentage of ␤-hexosaminidase release was calculated using the following formula: percent release ϭ (OD of the stimulated supernatant ϫ 100)/(OD of the total cell lysate), where OD is optical density.
IgE-mediated CysLT export from murine BMMCs. BMMCs of mrp
ϩ/ϩ and mrp Ϫ/Ϫ mice were prepared, cultured, and incubated with TNP-IgE and anti-IgE antibody as described above. The cells were separated from the medium by centrifugation. The amount of CysLT secreted into the supernatant was quantitated using the ELISA kit (Cayman Chemicals). The cells were resuspended in lysis buffer, homogenized, centrifuged, and then collected for determination of intracellular CysLT. Each experiment was performed in triplicate.
Statistics. Data are means Ϯ SD and were analyzed using the unpaired t-test. Differences between means were considered statistically significant at P Ͻ 0.05.
RESULTS
Histopathology of the lungs of mrp1
Ϫ/Ϫ and mrp1 ϩ/ϩ mice. To investigate the biological significance of MRP1 in vivo in allergic airway inflammation, we sensitized mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice to OVA and challenged them with OVA by aerosol. Control mice received PBS. The lungs from mrp1
and mrp1 ϩ/ϩ mice exposed to PBS aerosol showed normal lung histology in both groups ( Fig. 1, A and B) . Sensitization and subsequent exposure to OVA resulted in peribronchial and perivascular inflammation both in the mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice, and excessive production of airway mucus glycoproteins by goblet cells in airway epithelium was observed ( Fig. 1 , C-F). However, this inflammation following OVA exposure was reduced in mrp1 Ϫ/Ϫ mice compared with mrp1 ϩ/ϩ mice (Fig. 1,  C and D) . To evaluate the extent of inflammation, we employed a semiquantitative scoring system as described previously (9) . As shown in Fig. 1G , blinded semiquantitative grading of the lung sections revealed a statistically significant difference in the degree of airway inflammation between the mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice (P ϭ 0.0143). In addition, blinded semiquantification of goblet cell staining with PAS also revealed attenuated mucus scores in OVA-exposed mrp1 Ϫ/Ϫ mice compared with OVA-exposed mrp1 ϩ/ϩ mice ( Fig. 1H ) (P ϭ 0.0431). These data indicate that airway inflammation and goblet cell hyperplasia are reduced in OVA-exposed mrp1 Ϫ/Ϫ mice compared with OVA-exposed mrp1 ϩ/ϩ mice. Inflammatory cell recruitment in BALF. The recovery of cells from the BALF of PBS-exposed mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice revealed a predominance of alveolar macrophages in both groups, without any significant differences (data not shown).
Aerosol challenge of mice with OVA induced a marked increase in the total cell numbers compared with control groups with PBS (Fig. 2) . However, the total cell numbers in BALF were significantly decreased in OVA-exposed mrp1 Ϫ/Ϫ mice compared with OVA-exposed mrp1 ϩ/ϩ mice (P ϭ 0.0243). Differential cell counts revealed the predominant recruitment of eosinophils into BALF of both OVA-exposed mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice. However, OVA-exposed mrp1 Ϫ/Ϫ mice had significantly lower numbers of eosinophils and lymphocytes than the mrp1 ϩ/ϩ mice (P ϭ 0.0243 and 0.0187, respectively). The numbers of macrophages and neutrophils were not significantly different between groups. These results imply that mrp1 Ϫ/Ϫ mice show reduced recruitment of inflammatory cells, especially eosinophils and lymphocytes, into the airway lumen after OVA challenge compared with mrp1 ϩ/ϩ mice. CysLT levels in BALF. To investigate the role of MRP1 as a CysLT export pump in vivo, we measured total CysLT levels in BALF from mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice exposed to PBS or OVA aerosol. As shown in Fig. 3 , levels of CysLTs in BALF from OVA-exposed mrp1 Ϫ/Ϫ mice were significantly lower than those from OVA-exposed mrp1 ϩ/ϩ mice (P ϭ 0.0082). OVA-specific IgE and cytokine levels. To further assess the mechanism for the reduced airway inflammation in OVAexposed mrp1 Ϫ/Ϫ mice, we measured OVA-specific IgE levels in BALF and serum samples. As shown in Fig. 4A , OVAspecific IgE levels in BALF from OVA-exposed mrp1 Ϫ/Ϫ mice were significantly lower than those from OVA-exposed mrp1 ϩ/ϩ mice (P ϭ0.025). OVA-specific IgE levels in serum were also decreased in OVA-exposed mrp1 Ϫ/Ϫ mice ( Fig. 4B ) (P ϭ 0.0285). We next measured Th2 cytokines IL-4 and IL-13 in each BALF sample. In PBS-exposed mice of both groups, the levels of IL-4 and IL-13 were below the lower limit of detection (data not shown). As shown in Fig. 4 , C and D, levels of both IL-4 and IL-13 in BALF from OVA-exposed mrp1 Ϫ/Ϫ mice were significantly lower than those from OVA-exposed mrp1 ϩ/ϩ mice (P ϭ 0.0361 and 0.0101, respectively). IgE-mediated CysLT export from BMMCs. To examine the role of MRP1 in IgE-mediated CysLT export from mast cells, we cultured BMMCs from mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice and stimulated them with TNP-IgE and anti-IgE antibody. Subsequently, the amounts of released CysLTs in the cell-free culture media and the intracellular contents of CysLTs were separately analyzed. MRP1 deficiency did not affect the degranulation as determined by ␤-hexosaminidase release (Fig. 5A) and IgE receptor expression of BMMCs (data not shown). However, CysLT levels in culture media from BMMCs of mrp1 Ϫ/Ϫ mice were significantly lower than those from mrp1 ϩ/ϩ mice ( Fig. 5B ) (P ϭ 0.0017). In contrast, intracellular CysLT levels in BMMCs of mrp1 Ϫ/Ϫ mice were significantly higher than those of mrp1 ϩ/ϩ mice ( Fig. 5C ) (P ϭ 0.0003). These results indicate that MRP1 plays a crucial role in IgE-mediated export of CysLTs from activated mast cells.
DISCUSSION
Recent generation of mrp1
Ϫ/Ϫ mice has enabled investigation of the biological function of MRP1 in vivo (30) . Wijnholds et al. (31) demonstrated that ear swelling induced by topical application of arachidonic acid was dramatically reduced in the mrp1 Ϫ/Ϫ mice. Importantly, they also revealed that BMMCs from mrp1 Ϫ/Ϫ mice had a reduced capacity to excrete LTC4 after stimulation with calcium ionophore (31) . Their report strongly suggests that MRP1 plays an important role in allergic inflammatory response in vivo. However, little is known of the implication of MRP1 in IgE-mediated transport of CysLTs from mast cells and the biological significance of MRP1 in allergic airway disease, including asthma.
In our study, we developed a murine allergic airway inflammation model by intraperitoneal OVA sensitization and airway challenge. We revealed that mrp1 Ϫ/Ϫ mice showed decreased airway inflammation and goblet cell hyperplasia after OVA exposure. CysLT levels in BALF from OVA-exposed mrp1 Ϫ/Ϫ mice were significantly lower than those from mrp1 ϩ/ϩ mice. ϩ/ϩ mice exposed to PBS aerosol. B: mrp1 Ϫ/Ϫ mice exposed to PBS. C and E: mrp1 ϩ/ϩ mice exposed to OVA. D and F: mrp1 Ϫ/Ϫ mice exposed to OVA. Semiquantitative analyses of inflammatory cell infiltration (G) and mucus production (H) in lung sections were performed as previously described (14) . Scoring of inflammatory cells and goblet cells was performed in at least 15 different fields for each lung section. To prevent observer bias, samples were coded and examined in a blind manner. Mean scores were obtained from 6 animals. *P Ͻ 0.05.
In addition, OVA-specific IgE, IL-4, and IL-13 levels in BALF were also decreased in OVA-exposed mrp1 Ϫ/Ϫ mice. IgEdependent release of CysLTs from murine BMMCs was markedly impaired due to MRP1 deficiency. These findings strongly imply that MRP1 plays a key role in the development of allergic airway disease through regulation of IgE-mediated CysLT export from mast cells. To our knowledge, our study is the first report to reveal that mrp1 Ϫ/Ϫ mice are less sensitive to asthmatic response to allergen exposure by using a murine model.
IgE-mediated activation of mast cells in the airway leads to oxygenation of arachidonic acid by 5-lipoxygenase (5-LO) and generation of LTs (12) . Among them, secreted CysLTs bind to CysLT receptors and induce bronchoconstriction, mucus hypersecretion, and eosinophil chemotaxis (12, 17) . Therefore, inhibition of CysLT biosynthesis or receptor-mediated action is beneficial for patients with bronchial asthma (8) . In our murine allergic airway inflammation model, CysLT-synthesizing cells including mast cells in mrp1 Ϫ/Ϫ mice had a reduced capacity to secrete CysLTs, resulting in decreased CysLT levels in BALF. Suppression of CysLT production due to MRP1 deficiency reduced recruitment of eosinophils and mononuclear cells in the lungs. These findings suggest the possibility that MRP1 inhibitor may be useful as an anti-asthma drug to attenuate airway inflammation to allergen exposure by suppressing IgEmediated CysLT production.
Th2 inflammatory response is a central component of allergic airway inflammation. In our murine model, Th2 cytokine IL-4 and IL-13 production and lymphocyte recruitment in the lungs were significantly decreased in OVA-exposed mrp1 Ϫ/Ϫ mice, resulting in decreased antigen-specific IgE production. Previous studies have demonstrated that OVA-induced airway eosinophil infiltration and goblet cell hyperplasia were markedly reduced in LTC4 synthase (LTC4S)-deficient mice compared with wild-type control mice (18) . Importantly, antigenspecific IgE and Th2 cytokine expression in the lungs were also significantly reduced in OVA-exposed LTC4S-deficient mice, although delayed-type cutaneous hypersensitivity (Th1 celldependent response) was intact (18) . Others have demonstrated that blockade of CysLT 1 receptor reduced elevation of IL-4 ϩ/ϩ and mrp1 Ϫ/Ϫ mice 48 h after the last PBS aerosol or OVA aerosol challenge. Total cell counts (TCC) were assessed with a standard hemocytometer. Cell populations were identified on air-dried cytocentrifuged smears (800 rpm for 5 min) after staining with Diff-Quick stain. Differential cell counts were performed on a minimum of 500 cells to identify eosinophils (Eos), macrophages (Mac), lymphocytes (Lym), and neutrophils (Neu). Data are means Ϯ SD of 5 mice per group. *P Ͻ 0.05. and IL-13 levels in BALF in OVA-exposed mice and attenuated airway inflammation (14) . These previous findings provide direct evidence that CysLTs are involved in the regulation of Th2 immune response-dependent pulmonary inflammation. Our current findings in mrp1 Ϫ/Ϫ mice are consistent with these prior reports, because MRP1 is involved in IgE-mediated LTC4 export from mast cells, and a lack of MRP1 resulted in the decrease of CysLT, antigen-specific IgE, IL-4, and IL-13 levels in the lungs of mrp1 Ϫ/Ϫ mice. Impaired Th2 cytokine production due to MRP1 deficiency might be an important mechanism of reducing airway inflammation in our murine model.
Dendritic cells (DCs) are the most potent antigen presenting cells in the airways and initiate immune responses by presenting antigens to T cells (22) . Previous studies have demonstrated that DCs express MRP1, and MRP1 regulates the migration of DCs by transporting LTC4, which promotes chemotaxis to the CCL19 (25) . In a model of contact hypersensitivity induced by topical application of FITC, DC migration was substantially attenuated in mrp1 Ϫ/Ϫ mice compared with that observed in mrp1 ϩ/ϩ mice (25) . In addition, MRP1 transporter activity is also crucial for DC differentiation (27) . These aforementioned observations on DCs may contribute to the decreased inflammatory response following OVA exposure that we examined in the lungs of mrp1 Ϫ/Ϫ mice. MRP1 was the first identified ATP-dependent export pump for LTC4. However, the members of the MRP subfamily, including MRP1-6 and MRP10 -12, also mediate the ATPdependent efflux of organic anions, including glutathione conjugates such as LTC4, across the plasma membrane into the extracellular space (7) . We questioned whether the lack of MRP1 in mice would be compensated for by induction or altered expression of other ATP-binding cassette transporter subfamily members. However, van der Deen et al. (30) examined immunohistochemical expression of other transporters such as MRP2, -3, -4, -5, -6, and -9 and breast cancer resistance protein (Brcp) in murine lung tissues and observed no differences in expression of all these transporters in MRP1/MDR1a/ 1b-deficient mice compared with wild-type mice (30) . MRP2, also named the canalicular multispecific organic anion transporter (cMOAT), and MRP1 share very similar substrates, including LTC4 (19) . However, Wijnholds et al. (31) demonstrated that anti-cMOAT monoclonal antibody does not detect cMOAT protein on the mast cells in mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice, whereas cMOAT in the liver and kidney is readily visualized, and the same holds in mrp1 Ϫ/Ϫ and mrp1
tissues. These previous findings strongly suggest that MRP1 (and/or MDR1) deficiency does not affect expression of other transporters in lung tissues in mice and supports our conclusion that inhibition of MRP1 might be a major cause of the impaired development of allergic airway inflammation in the lungs of mrp1 Ϫ/Ϫ mice. Recent studies have demonstrated that MRP4 can transport leukotrienes (LTB4 and LTC4) and contribute to the migration of DCs, like MRP1 (24) (28) . Furthermore, MRP4 is expressed in the bronchial epithelial cells in the lungs (29). These previous findings indicate the possibility that other transporters, such as MRP4, also may be important in the lungs of murine allergic airway inflammation model in addition to MRP1, although expression of other ATP-binding cassette transporters was not altered in the lungs of MRP1-deficient mice. This may be the reason why the differences in the degree of airway inflammation between mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice were smaller than expected.
In this study, we also investigated the immunohistochemical expression of MRP1 in the lungs of patients with asthma and in a murine allergic airway inflammation model. MRP1 staining was observed in the cytoplasm and on the plasma membrane of the mast cells, and its expression was also found on macrophages, eosinophils, and bronchial epithelial cells (data not shown). These findings were consistent with prior reports (10) , and these cells contain the 5-LO/FLAP/LTC4S pathway and generate LTC4 (16, 23) . Among them, the mast cell is the most potent IgE-mediated LTC4-synthesizing cell in allergic airway inflammation and expresses MRP1 in human and murine allergic airway disease. However, eosinophils, macrophages, and bronchial epithelial cells are also important sources of CysLTs. We would like to perform in vitro experiments for CysLT export from eosinophils, macrophages, and Ϫ/Ϫ and mrp1 ϩ/ϩ mice were cultured and stimulated with trinitrophenyl (TNP)-IgE and anti-IgE antibody. Degranulation of BMMCs was assessed using the ␤-hexosaminidase release assay (A). The amounts of released CysLTs in the culture supernatant (B) and the intracellular contents of CysLTs (C) were measured using ELISA. Data are means Ϯ SD of triplicate samples. *P Ͻ 0.05; **P Ͻ 0.01. Results are representative of 3 independent experiments that had similar results.
bronchial epithelial cells of mrp1 Ϫ/Ϫ mice in a future project. In this study, we focused on the involvement of MRP1 in IgE-dependent CysLT export from mast cells and confirmed that MRP1 plays an important role in the IgE-dependent release of CysLTs from mast cells by using murine BMMCs from mrp1 Ϫ/Ϫ mice. However, decreases in CysLT levels in BALF from mrp1 Ϫ/Ϫ mice in vivo were Ͻ50% compared with those in mrp1 ϩ/ϩ mice, although the difference was statistically significant (P ϭ 0.0082). We speculate that residual CysLT production in mrp1 Ϫ/Ϫ mice may be due to another export pump and/or derived from eosinophils, macrophages, and bronchial epithelial cells. However, it is thought that MRP1 is at least one of the important transporters on mast cells for LTC4 export in the pathogenesis of allergic airway inflammation, although other transporters may exist, because differences in data between mrp1 Ϫ/Ϫ and mrp1 ϩ/ϩ mice were statistically significant.
There are a few interesting reports of studies that investigated the association between MRP1 and anti-asthma drugs for patients with bronchial asthma. Bandi et al. (1) incubated the human airway epithelial cell line Calu-1 with budesonide, an anti-asthma corticosteroid, and revealed that treatment with budesonide significantly inhibits MRP1 expression and activity in Calu-1 cells. MRP1 has been screened for genetic variations, and several mutations have been identified in the MRP1 gene in the human population (21) . Montelukast is a selective CysLT 1 receptor antagonist that is clinically used as an antiasthma drug. Interestingly, genetic variations in MRP1 are associated with variability in montelukast response in patients with asthma (21) . These previous studies suggest that MRP1 polymorphism may be useful as a predictive marker for the efficacy of therapy in the management of asthma.
In conclusion, our study revealed that airway inflammation and goblet cell hyperplasia after OVA exposure were reduced in mrp1 Ϫ/Ϫ mice compared with mrp1 ϩ/ϩ mice. Levels of CysLTs, antigen-specific IgE, IL-4, and IL-13 in BALF from OVA-exposed mrp1 Ϫ/Ϫ mice were significantly lower than those from OVA-exposed mrp1 ϩ/ϩ mice. Export of IgE-dependent CysLTs from murine BMMCs was mediated by MRP1. On the basis of these findings, MRP1 expressed on mast cells functions as a CysLT export pump in the development of allergic airway disease. These findings also suggest the possibility that MRP1 may be one of the important therapeutic targets and provide new insights for understanding its role in allergic asthma.
